INTRODUCTION
The vertebrate immune system is able to produce high-affinity antibodies to protect the host against infection. In the same way, antibodies can be used in a wide variety of therapeutic and diagnostic clinical applications [1] . Thus antibodies raised against pathology-specific markers can be used for targeting purposes. For tumours, an important marker is carcinoembryonic antigen (CEA), which has been used as a target for therapeutic treatment and a serum marker to monitor tumour growth [2] . CEA is a membrane-bound cell surface glycoprotein that contains seven domains of the immunoglobulin superfamily and is 50 % carbohydrate by weight. In solution, the seven domains form a highly elongated arrangement similar to that observed between the two domains of the homologous cell-surface protein CD2, from which the 28 carbohydrate chains of CEA are extended into solution [3] . This extended CEA structure would be significantly exposed on the cell surface and would present extensive protein surfaces that are thought to mediate its protein-protein adhesive functions and to be important for carcinogenesis [4] .
MFE-23 is a high-affinity antibody used against colorectal tumours, being the first single-chain Fv (scFv) molecule to be Abbreviations used : CEA, carcinoembryonic antigen ; H1-H120 and L1-L106, sequence numbering of MFE-23 heavy and light chains respectively ; H1-H3 and L1-L3, antigen-binding loops of MFE-23 ; r.m.s., root-mean-square ; SDR, specificity-determining residue ; scFv, single-chain Fv ; V H , variable heavy-chain domain ; V L , variable light-chain domain. 1 To whom correspondence should be addressed (e-mail steve!rfhsm.ac.uk).
The identification code for the MFE-23 co-ordinates in the Protein Data Bank is 1qok.
and a large hydrophobic region within the H3 loop. Even though this structure is unliganded within the crystal, there is an unusually large region of contact between the H1, H2 and H3 loops and the β-sheet of the V L domain of an adjacent molecule (strands DEBA) as a result of intermolecular packing. These interactions exhibited remarkably high surface and electrostatic complementarity. Of seven MFE-23 residues predicted to make contact with antigen, five participated in these lattice contacts, and this model for antigen binding is consistent with previously reported site-specific mutagenesis of MFE-23 and its effect on CEA binding.
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used in patients [5] . It binds to CEA with high affinity (K d l 2.5p1.3 nM), which in principle confers a therapeutic advantage [6] . Thus MFE-23 was found to have a better biodistribution in murine tumour models than a murine anti-CEA scFv derived from the monoclonal antibody A5B7 [7] . Such scFv molecules possess a variable heavy-chain (V H ) immunoglobulin domain joined with a variable light-chain (V L ) domain by an oligopeptide linker [8] and are the smallest antibody fragments that retain full antibody-antigen binding functions. They generally have better tumour penetration and a lower immunogenicity than fourdomain Fab fragments from antibodies or intact 12-domain antibodies ; this is advantageous for targeting purposes [9] . MFE-23 was developed from a filamentous phage expression library of random murine V H -V L -domain pairings obtained from a CEAimmunized mouse [10] , in which the domains are connected by a (Gly % Ser) $ linker (see Figure 1 ). The screening of the phage library for high-affinity binding to CEA resulted in the selection of MFE-23, which is currently undergoing trials on patients.
Improvements to the molecular design of MFE-23 as an antitumour agent, such as its humanization, would be greatly facilitated by the determination of its crystal structure. The lifetime of murine MFE-23 in human circulation would be improved by the rational design of a less immunogenic scFv structure. The crystal structure presented here is the first for an anti-tumour scFv molecule derived from phage technology. Even though five scFv crystal structures have been determined (those of Se155-4, NC10, L5MK16, CC49\212 and C219 [11] [12] [13] [14] [15] ), the present MFE-23 structure determination exhibited four novel aspects. First, although canonical loop structures for five of the six antigen-binding loops, H1, H2, L1, L2 and L3, in MFE-23 can be predicted by database approaches [16] , and even though there is much recent progress in classifying and predicting H3 loops [17] [18] [19] , we find that MFE-23 has a unique H3 structure. Secondly, the MFE-23 structure bears a close resemblance to a particular human antibody ; this permits a humanization strategy to be proposed. Thirdly, the intermolecular contacts found within MFE-23 molecules in the crystal structure showed how an unusual mode of back-to-back association of Fv fragments can be achieved. Fourthly, and most importantly, the MFE-23 crystal structure fortuitously provided information on how this antibody might recognize CEA. Unusually extensive intermolecular contacts were found in the crystal structure involving residues of the H1-H3 loops, which commonly participate in antigen binding. These correspond closely to predictions of specificitydetermining residues (SDRs) in MFE-23 [20] and are supported by experimental mutagenesis data on MFE-23 [21] .
MATERIALS AND METHODS

Cloning, expression and purification of MFE-23
The cloning, expression and purification of the murine scFv molecule MFE-23 has been described [10] . MFE-23 (GenBank reference 2299568) contained a pelB leader peptide at its Nterminus to permit its secretion from bacterial cells (after which this leader is cleaved), and a C-terminal 11-residue Myc-tag for identification during purification. A pUC119 plasmid containing this construct was used to transform Escherichia coli cells. MFE-23 was purified from cultures in 2TY medium (16 g\l bactotryptone, 10 g\l yeast extract, 5 g\l NaCl) containing ampicillin (100 µg\ml) and glucose (0.1 %), to which a final concentration of 1 mM isopropyl β--thiogalactoside was added to induce expression after the cells had reached a D '!! of 0.9. From the culture, the supernatant was collected by centrifugation, filtered (0.2 µm pore-size filter ; Nalgene), concentrated 5-fold by using a spiral cartridge with a 10 kDa cut-off (S1Y10 ; Amicon), and dialysed against PBS [137 mM NaCl, 0.5 mM MgCl # , 2.7 mM KCl, 8.1 mM Na # HPO % , 1.5 mM KH # PO % (pH 7.4)] containing 0.02 % NaN $ . After refiltration, MFE-23 was purified by affinity chromatography with CEA covalently attached to Sepharose-4B gel (Pharmacia), eluting it with 0.05 M diethylamine, pH 11, and buffering immediately with 1 M phosphate buffer, pH 7.5. The MFE-23 fractions were pooled, dialysed overnight against PBS and 0.02 % NaN $ , concentrated by ultrafiltration (PM10 membrane ; Amicon), subjected to gel filtration on Sephacryl S-100 (Pharmacia) and concentrated (YM10 membrane ; Amicon). Samples used for crystallization were dialysed against 20 mM Tris\HCl, pH 6.5. The concentration of MFE-23 was determined from a A" % "cm,%#! of 20.0 calculated from its sequence [22] .
Crystallization and data collection
Crystals of MFE-23 were grown by the hanging-drop vapourdiffusion method at 18 mC. In brief, protein (2 mg\ml) was mixed 1 : 1 with 100 mM Tris\HCl buffer, pH 6.5, containing 45 %-
A 10 µl droplet of this mixture was equilibrated against 0.5 ml of 100 mM Tris\HCl, pH 6.5, in 45 %-satd.
Crystals were mounted in quartz glass capillary * R merge l 100Σ hkl Σ n QfI g kI n Q/Σ hkl Σ n I n , which is summed over all reflections, where fI g is the mean intensity of the reflection hkl and I n is the intensity of the n th observation of a reflection hkl.
† Completeness l 100i(number of independent reflections measured)/(theoretical maximum number).
‡ Redundancy l (number of measurements/number of independent reflections).
where F o and F c are the observed and calculated structure factor amplitudes within the set of reflections used for refinement.
R R free l 100ΣQF o kF c Q/ΣF o calculated for a randomly selected 8.5 % set of structure factors throughout the resolution range and not used in refinement.
tubes cooled to 5 mC and diffraction data were recorded with a precession camera (for preliminary analysis) and an R-AXIS-IIC image plate mounted on an RU200 HB rotating-anode X-ray source (Cu Kα : λ l 1.5418 A / ). Data from a single crystal were used to solve the MFE-23 structure (Table 1 ). Autoindexing and integration of reflections to 2.4 A / resolution were performed with DENZO [23] . By using the CCP4 suite of programs [24] , the initial processing of the data with SCALA and AGROVATA showed that the crystal belonged to a trigonal space group with unit cell dimensions a l 61.70 A / , b l 61.70 A / , c l 128.00 A / , α l 90 m, β l 90 m, γ l 120 m. Calculation of the Matthews constant [V m l unit cell volume\(nimolecular mass), where n is the number of protein molecules in the unit cell] indicated that six MFE-23 molecules (V m 2.24 A / $\Da) best satisfied the protein content normally observed for protein crystals [25] . The solvent content of the MFE-23 crystal was estimated as 43 % of the unit cell volume.
Crystal space group and structure determination by molecular replacement
Systematic absences in the data set along 001 indicated the presence of a screw axis in the crystal lattice. The data were initially processed in the lowest trigonal space group P3 ; molecular replacement was used to determine which of the two alternative screw axes, 3 " or 3 # , was correct. With the use of the AMoRe program [26] , the Fv fragment from a murine IgA Fab molecule J539 solved at 1.95 A / resolution (PDB code 2fbj) was used in cross-rotation function and translation function searches. The J539 search model contained residues equivalent in position to the first 120 residues of the MFE-23 V H domain and the first 106 residues of the MFE-23 V L domain. The J539 and MFE-23 sequences were identical at 59 of 120 positions in the V H domains, and at 84 of 106 positions in the V L domains (see Figure 1) . Cross-rotation function and translation function searches were performed over the resolution range 15.0-3.5 A / . The crossrotation function was performed on the data processed in space group P3 by using an integration radius of 24 A / ; it identified two clear solutions. The two peaks for space group P3 were consistent with the estimate of six molecules per unit cell. The two best solutions from the rotation search were used to perform translation searches in space groups P3, P3 "
and P3 # to test alternative trigonal rotation axes. Each produced a single clear solution for translation searches in space group P3 # but failed to produce single clear solutions in space groups P3 and P3 "
; this demonstrated that the crystal system has a 3 # screw axis. Data reduction in P3 # 21 confirmed that this was the space group, with only one molecule in the asymmetric unit. Data were processed using 11 537 unique reflections in the resolution range 15-2.4 A / with an overall R merge of 8.2 % and an average multiplicity of 5.3. The molecular replacement analysis was repeated in P3 # 21 ; a single solution in the rotation and translation searches confirmed this space group. The rigid-body refinement function of AMoRe was used for data between 8 and 2.8 A / to refine the positional parameters of the molecular replacement solution and generate the initial model with 1724 atoms. The R cryst was 51.3 % for data between 8.0 and 2.4 A / with F\σ(F) 2 (where F is the structure factor and σ(F) is its standard deviation).
Crystallographic model building and refinement
The initial model was manually rebuilt with the program O and refined with X-PLOR version 3.1 [27, 28] . The crystal packing showed that pairs of MFE-23 molecules were closely associated by the crystallographic two-fold symmetry axes. The 3 # trigonal screw axis produces infinite helices of scFv pairs with large solvent pores between the helices. In the rigid-body refinement protocol of X-PLOR, only reflections with F\σ(F) 2 were used. The model was treated as separate V H and V L domains. Note that the Kabat database sequence numbering is used throughout this report ; however, this is compared with the MFE-23 sequence numbering in Figure 1 . Atoms in the putative antigen-binding loop residues H26 to H35, H50 to H58 and H93 to H100c in the heavy chain, and L24 to L34, L50 to L56 and L89 to L97 in the light chain, were set to zero occupancies, and no atoms for the linker or the Myc-tag were included. After rigidbody refinement, 2F o kF c and F o kF c electron density maps contoured at 1σ and p3σ respectively were visualized in O. Atoms were set to zero occupancies if they did not correspond to atoms in MFE-23 or did not fit into the electron density, a total of 630 in all. The model contained mainly the conserved residues and the ten β-strands that form the DEBA\AhGFCChChh β-sandwich of V-type Ig domains. Two further rounds of rigidbody refinement and manual inspection resulted in an R cryst of 46.4 % for 1094 atoms. After the removal of 8.5 % unique reflections for the calculation of R free , cycles of positional refinement and model rebuilding in O were used to convert the J539 sequence into that of MFE-23 and to build the antigenbinding loops as density became apparent, adding a total of 584 atoms. The 1678 atoms in this model gave an R cryst of 26.2 %. The ' slowcool ' simulated-annealing protocol in X-PLOR was then used to refine the model against reflections between 8 and 2.4 A / by using an initial temperature of 4000 K and a weight of 100 000, and a further 18 atoms were added to the structure. This gave good correlation between the rates of reduction in R cryst and R free to values of 26.1 % and 30.9 % respectively [29] . Individual atomic B-factor refinement decreased these values to 25.5 % and 29.9 % respectively ; 49 water molecules were now included by using the PEAKMAX and WATPEAK programs with peaks ( 3.5σ) found in the F o kF c map at distances of 0.1 to 3.5 A / from the protein surface. A model with 49 water oxygen atoms resulted in an R cryst of 20.5 % and an R free of 26.7 %. Finally, with 97 water molecules included, positional and B-factor refinements against all reflections between 8 and 2.4 A / resulted in the final model with 1688 atoms and an R cryst of 19.0 % calculated from all data within this range. The secondary structure was assigned by using the DSSP program [30] . The model was stereochemically verified with the PROCHECK program [31] . Solvent accessibilities were calculated by using a probe of 1.4 A / in the COMPARER program [32, 33] . The electrostatic surface charge was calculated with INSIGHT II and DELPHI software (Biosym\MSI, San Diego, CA, U.S.A.) on INDY Workstations (Silicon Graphics, Reading, Berks., U.K.).
RESULTS AND DISCUSSION
Refined molecular structure of MFE-23
An electron density map for MFE-23 was derived by using X-ray diffraction data at 2.4 A / resolution from a single well-formed crystal of MFE-23, as described in the Materials and methods section. The space group of the crystal was P3 # 21 and the structure of MFE-23 was solved by molecular replacement with a single molecule in the asymmetric unit. The search model was based on the Fv fragment from the murine IgA Fab molecule J539 (Figure 1 ; see the Materials and methods section). The initial model was refined to a final R cryst of 19.0 % (see the Materials and methods section). Good visual agreement was seen with a 2F o kF c electron density map contoured at 1σ, which is exemplified by views of the H3 antigen-binding surface loop in Figure 2 . This was supported by a mean correlation coefficient of 0.9 for the real-space fit of the model to this map. Generally, the V L domain with a mean B-factor of 21.2 A / # was better defined than the V H domain with a mean B-factor of 26.9 A / #. The MFE-23 structure displayed the typical V-type β-strand topology with two β-sheets DEBA and AhGFCChChh in both the V H and V L domains. Quantitative analyses with the DSSP secondary structure analysis program showed excellent correlations with the consensus β-sheet structures of other Fv structures (Figure 1 ).
In accord with general experience of antibody structures, the B-factors were lowest in the regions corresponding to β-strands. The N-terminal and C-terminal residues and several loop residues were generally more flexible and fitted the density less well than the β-strand residues. Within the V H domain, the weaker density included the side chains of residues H40 to H44 on the loop between β-strands C and Ch, which form the back-to-back lattice contacts at the MFE-23 dimer interface. The B-factors of the nine residues of H3 were lower than those of the five other loops ; this might be correlated with well-defined lattice contacts (see below). The final MFE-23 model yielded a good Ramachandran plot of the main chain torsion angles φ and ψ (Figure 3 ) [34] . The only outlier was Thr-L51 with φ l 68 m and ψ l k46 m in a γ-turn, even though this was well defined in the electron density map ; this is also true of many other Fab and Fv structures. In the final model, the atoms at the extremities of the side chains of 12 residues in the V H domains (H1, H3, H5, H28, H30, H42, H43, H64, H66, H74, H85, H113 ; 37 atoms) and 3 residues in the V L domains (L45, L56, L107 ; 5 atoms) in the MFE-23 map showed disorder and their occupancies were set to zero. In addition, it was not possible to model either the 15 linker residues between residues H113 and L1 or the 15 C-terminal residues after residue L107, which includes the Myc-tag ( Figure 1 ) ; these were presumed to be flexible and solvent-exposed. Small fragments of density were apparent, perhaps indicative of contacts between the linker, the Myc-tag and the Fv structure, but these could not be modelled convincingly. The final MFE-23 model contained 1696 atoms, which is 98 % of those present in the V H and V L domains, and 93 % of the total in the MFE-23 sequence. A total of 97 water molecules were included.
Six antigen-binding loops of MFE-23
In antibodies, the six antigen-binding loops H1-H3 and L1-L3 can be defined by structural variability [16] or sequence hypervariability [35] , as shown in Figure 1 . Sequence hypervariability can also be used to identify SDRs for antigen binding by the correlation of loop residues that have a higher relative variability than others with residues that are known from crystal structures of antibody complexes to be important in antigen binding [20] .
H3 has the most important role in antigen binding [36] . In MFE-23, this contains nine structurally defined loop residues (H96-H101) and eleven defined as hypervariable (H95-H102) ; it is largely hydrophobic. Eight contiguous H3 residues, H95-H100b, occupy SDR positions. The crystal structure showed that H3 had clear density in a 2F o kF c map contoured at 1σ ( Figure  2a ). In the H3 ' torso ' (i.e. the two ends of the H3 loop, proximal to the F and G β-strands), residues H94 and H102 form part of the β-ladder between β-strands F and G. The apex of H3 is bifurcated ; there is a large protrusion to one side of the β-hairpin loop structure at its tip (Figure 2b ). An atypical feature of this H3 loop is that the position of the β-carbon atom of Gly-H95 immediately before the loop deviated by 3.2p0.4 A / from those found in nine other representative Fab crystal structures (PDB codes 1mlb, 1vfa, 2fbj, 1vge, 7fab, 1igm, 8fab, 2fb4 and 1dfb). Within the H3 loop, Thr-H96 is buried and is centrally important for determining its conformation. Its side chain is sandwiched between the aromatic side chains of Tyr-H100a, Tyr-H100b and Phe-H100c (Figure 2b ). Its OH group forms a hydrogen bond with the main-chain NH of Phe-H100c and its main-chain NH group forms one with the CO of Phe-H100c (Figure 2a) . As the result of this topology, the side chains of Thr-H98, Pro-H100 and Tyr-H100b have high accessibilities to solvent.
The other loops, H1, H2 and L1-L3, in MFE-23 ( Figure 1 ) correspond to known canonical structures that are predictable from their sequences [16] . The structural H1 loop (seven residues) corresponds to the single known canonical class of structures for this loop. The structurally important Arg residue normally found at H94 is replaced by the buried residue Glu-H94, whose carboxy group forms a hydrogen bond with the carbonyl oxygen of Ile-H29. The structural H2 loop (six residues) belongs to canonical class 2 (type A). Its conformation includes a notable display of four acidic residues. The structural L1 loop (six residues) belongs to canonical class 1, as expected for κ V L domains. The structural L2 loop (three residues) is a turn for which only one canonical class is known, in which Thr-L51 was the only outlier on a Ramachandran plot (Figure 3) . The structural L3 loop (six residues) belongs to canonical class 1.
In confirmation of the predictability of these five canonical structures, the crystal structure was compared with two homology models of MFE-23 that were generated beforehand with an early version of the program AbM [21] . The two models were constructed by using a combination of canonical structures and database searches. These showed that the five loops were well predicted and gave low root-mean-square (r.m.s.) deviations of main-chain conformations, in agreement with experience [37] .
Structural classification of the H3 loop in MFE-23
Given the importance of the H3 loop for antibody function and in view of recent developments that show that most H3 loops can be structurally classified and predicted [17] [18] [19] , the uniqueness of the H3 structure in MFE-23 was investigated.
H3 torso
Even though 49 H3 loops have been classified [19] , the start and end of the H3 loop in MFE-23 differs from many H3 structures. That involving the position of Gly-H95 has been noted above. In addition, a salt bridge commonly occurs between Arg(Lys)-H94 and Asp-H101 ; this leads to a C-terminal β-bulge in 41 of 49 H3 loops in what would otherwise be a β-hairpin [19] . In MFE-23, the conserved Arg-H94 residue is replaced by Glu-H94 and the C-terminal end of the H3 loop is accordingly predicted not to be bulged. The MFE-23 crystal structure confirmed the absence of the β-bulge (see Figure 2 of [17] ). To compensate for the absence of Arg-H94, Asp-H101 is now buried to form hydrogen bonds with the buried side chains of Asn-H93, Tyr-H100a and Trp-H103. The hydrogen bond with Tyr-H100a is responsible for the burial of this side chain, whereas that with Trp-H103 is in agreement with the classification in [17] .
H3 apex
Even though the apices of 62 H3 loops have been classified [19] , that of MFE-23 is different. First, in all non-bulged H3 structures, an aromatic residue from H1 is packed with an aromatic residue at H96 or H99 in H3. This does not occur in MFE-23 because no aromatic residues occur in these H3 positions. Secondly, although bifurcated H3 apexes have previously been identified in an irregular-type H3 structure Yst9.1 and for a β-bulged H3 structural class Kj\K 18.5 [18, 19] , MFE-23 represents a new example of a bifurcated loop that occurs in a non-bulged loop. In both Yst9.1 (sequence C*#TRDPYGPAAYWG"!%) and the H3 canonical class Kj\K 18.5, the bifurcated H3 structure is formed by a buried Asp residue that forms internal hydrogen bonds with other main-chain positions to divide H3 into two parts. In MFE-23, the buried Thr-H96 residue and a PXGP motif in the H3 loop have the same role.
Humanization strategies for murine MFE-23
The creation of a less immunogenic form of MFE-23 would improve its lifetime in circulation ; the MFE-23 crystal structure showed how its humanization might be achieved. It is essential that the antibody framework does not change during humanization [38] . The crystallographic refinement of MFE-23 revealed that the V H framework belonged to class 2 ( Figure 1 ) [39] . The superimposition of the MFE-23 V H framework on three
Figure 4 Stereo view of the Fv dimers in the MFE-23 crystal structure
Two Fv structures related by a two-fold axis perpendicular to the plane of the paper are shown. On the left, the positions of the six loops H1-H3 and L1-L3 and the N-and C-termini are shown. Note that the six loops are fully exposed on the surface of the dimer.
murine V H crystal structures (PDB codes 1mlb, 1vfa and 2fbj) and all six known human V H crystal structures (PDB codes 1vge, 7fab, 1igm, 8fab, 2fb4 and 1dfb) showed that the murine V H domains gave lower r.m.s. deviations than the corresponding human ones, with the class 2 V H domains giving the lowest r.m.s. deviation of 0.45-0.47 A / . The κ chain of the MFE-23 V L structure was similarly superimposed on other murine and human V L domains of both κ and λ types in these nine crystal structures. The κ domains gave lower r.m.s. deviations of between 0.36 and 0.56 A / in comparison with the λ domains with r.m.s. deviations of between 0.78 and 0.82 A / . It was concluded that the V H and V L domains from human Fab TR1.9 (PDB code 1vge) offered the best framework model for humanization, as both domains are in the same classes as those of MFE-23. Humanization can be achieved either by grafting the six MFE-23 loops on the human TR1.9 framework or by converting the MFE-23 framework into the human TR1.9 equivalent [36, 39] . In the first approach, solvent accessibility calculations suggested that 57 MFE-23 loop and 10 MFE-23 framework residues were required in TR1.9, which is a net change of 44 residues in TR1.9 (see Figure 1 ). In the second approach, 116 residues in MFE-23 were determined to be over 30 % solvent-accessible, of which it would only be necessary to alter 19 that were chemically different between MFE-23 and TR1.9, and 10 more that were chemically similar (see Figure 1) .
Intermolecular back-to-back contacts in MFE-23
MFE-23 molecules form two sets of lattice contacts in the crystal structure. One of these corresponds to back-to-back contacts between two Fv molecules to form symmetrical dimers related by crystallographic two-fold axes (Figure 4) . Such a mode of interaction has not been seen in any of the earlier scFv crystal structures.
The back-to-back contacts and the lack of electron density for the 15-residue linker mean that it is not possible to distinguish between a two-domain monomer or a four-domain dimer of MFE-23 in the crystal structure (Figure 4) . If fully extended, the linker would be 53 A / in length. This is compatible with the 30 A / separation between the α-carbon atoms at the V H C-terminus and the V L N-terminus if a MFE-23 monomer is formed between the two GFC β-sheet faces of these domains [40] . It is also (H33, H35,  H50, H52, H53, H56, H58, H95, H96, H97, H98, H99 , H100, H100a, H100b, L33, L50, L53, L55, L89, L91, L92 and L94) and the remaining loop residues are coloured blue. (b) The site is shown as a Connolly surface that is accessible to a probe of 1.4 A / radius. The loops are coloured magenta and blue as above, and the remainder of the MFE-23 structure is coloured yellow. (c) Electrostatic view of the site. Red represents a potential of less than k4kT (acidic), blue a potential of more than j4kT (basic) and white as 0kT (neutral). Linear interpolation of the colours represents potentials between k4kT and j4kT.
compatible with the 21 A / separation required to form a domainrearranged dimer scFv structure (sometimes referred to as a diabody), in which the V H and V L domains within a single molecule are separated from each other and then are reassociated through their GFC faces with a second scFv molecule to form a dimer (right or left pairs in Figure 4 ). The total side-chain surface area lost by the back-to-back interaction between the V H and V L domains is 170 A / # per molecule, which is comparable to that of 230 A / # per molecule lost between the two GFC β-sheets in a V H -V L domain interaction. The total accessible side chain area is 2560 A / # per molecule.
The back-to-back contacts involve eight residues. At the centre, Pro-H41 in the two adjacent V H domains form hydrophobic contacts with each other, and Pro-L40 and Gly-L41 in the two adjacent V L domains do so similarly. In fact, the Pro-H41 contacts correspond to the highest B-factors that were found in the H40-H44 surface loop. At the surface, other reciprocal contacts include hydrogen bonds between Thr-H108 and Glu-L105 on the β-strands G of a pair of opposing V H and V L domains, and hydrophobic contacts between Ala-H9, Leu-H11, Ala-L9 and Ile-L10 on the β-strand Ah of a pair of opposing V H and V L domains.
Appearance of the CEA-binding site of MFE-23
The general appearance of the six antigen-binding loops in MFE-23 when viewed from the side is that of a convex surface whose apex is formed by the slight protrusion of the H3 loop. When the loops are viewed face-on ( Figure 5 ), the main chains of the six loops form a large cavity into which their side chains protrude. In antibody-antigen complex structures, residues that make contact with antigen generally lie on the inwards-facing ridges surrounding this cavity [20] . The 64 structural and hypervariable residues are shown in blue and magenta in Figures 5(a) and 5(b) and have a total side-chain surface area of 2340 A / #, of which 750 A / # (32 %) is solvent-exposed. Notably the electrostatic surface ( Figure 5c ) showed a large band of negative charge on one side that corresponded to Asp-H31 (70 % exposed), Asp-H52 (16 % exposed), Glu-H53 (64 % exposed), Asp-H56 (65 % exposed) and Glu-H58 (36 % exposed) on the H1 and H2 loops.
Model for antibody-antigen interactions between MFE-23 and CEA
There is a second set of intermolecular contacts almost as extensive as the back-to-back interaction described above. This involves the three antigen-binding loops H1, H2 and H3, where the part that involves the H3 loop is visible in Figure 2 [41] , and it is also known that the H2 and H3 loops (as well as the L3 loops) mediate the largest contacts in antibody-antigen interactions [42] . Furthermore, a remarkable degree of surface and electrostatic complementarity was apparent within the contact area.
To examine the surface complementarity of the H1, H2 and H3 loops, Connolly surfaces were created for the MFE-23 molecules in the lattice, and INSIGHT II was used to inspect a section 3 A / thick as it was passed through the contact region (exemplified in Figure 6b ). H3 was inserted at an indentation formed between molecules 2 and 3, and H2 was positioned on the other side of a protrusion from the V L domain of molecule 3 that included Lys-L18. To test the electrostatic complementarity, 14 contact residues between the loop residues and the adjacent molecules were identified by using X-PLOR (Table 2 ). This showed that Asp-H52 and Glu-H53 on the H2 loop of molecule 1 made salt bridge contacts with Lys-L18 and Arg-L77 on molecule 3. The complementary regions of oppositely charged surfaces can be seen by comparing the electrostatic maps of Figures 5(c) and 6(a) . The list of contact residues (Table 2) showed that extensive hydrogen-bond and hydrophobic contacts were made between five residues in the H3 loop and the V L domain and that six more residues in the H1 and H2 loops made direct contacts with the V L domain. These contact residues can be compared with a prediction of the MFE-23 residues important for binding to CEA. This prediction involved the calculation of side-chain accessibilities to solvent, the frequency of contacts made with antigen in known antibody-antigen complex structures and their occurrence at SDR positions for the 64 residues in the six loops. The summary in Figure 7 shows that 10 residues (Tyr-H33, Glu-H53, Asp-H56, Glu-H58, Thr-H98, Pro-H100, Tyr-H100b, Arg-L91, Ser-L92 and Tyr-L94) all presented solvent-exposed areas of more than 10 A / #, had at least 30 % probability of making contact with CEA and occurred at SDR positions. Tyr residues have In both columns, unless this is unambiguous, residue side chain atoms are specified in parentheses according to the standard Protein Data Bank nomenclature. In the last column, the distance between the atoms specified in the two columns is specified in parentheses, together with the assignment of the type of interaction present. Ser-L52 OH Arg-H13 main-chain NH (3.4 A / ; hydrogen bond †) Asn-L53 (ND2)* Leu-H11 main-chain C l O (3.1 A / ; hydrogen bond) * Adjacent to structural loop. All distances were derived by using the geomanal.inp script file in X-PLOR and confirmed with stereoscopic glasses.
† Three hydrogen-bond distances are greater than 3.3 A / but are included because these are at the limit of positional error in the co-ordinates.
been found to be commonly involved in antigen binding [43, 44] . All these seven V H and three V L predicted contact residues are clustered in the centre of the binding site (magenta in Figures 5a  and 5b) . Five of the seven V H predicted contact residues (Tyr-H33, Glu-H53, Thr-H98, Pro-H100 and Tyr-H100b) correspond to the observed lattice contacts in Table 2 , supporting the hypothesis that the lattice contacts for the H1, H2 and H3 loops constitute a good model for the binding of MFE-23 to CEA.
Experimental mutagenesis studies also support this hypothesis. The interaction between MFE-23 and CEA has been examined by using four V H -mutated forms of MFE-23 [21] . Given the extensive contacts made by Tyr-H100b (Table 2) , it is highly significant that a Tyr-H100b Pro mutation abolished MFE-23 binding to CEA. Note that, even though this mutation incorporated a Pro residue into the H3 loop, the main-chain structure of the H3 loop should be unaltered because the φ and ψ angles of Tyr-H100b are similar to those generally seen for Pro residues in proteins. Likewise a Glu-H53 Lys mutation decreased MFE-23 binding to CEA, which is consistent with the electrostatic lattice contact involved with the H2 loop ( Table 2) . A Thr-H98 Ala mutation caused a minor improvement in binding to CEA ; this is consistent with the role of Thr-H98 as a contact residue. A Tyr-H100a Ala mutation had almost no effect on binding to CEA ; this agrees with the absence of this residue from the lattice contacts of Table 2 .
Conclusions
MFE-23 is a therapeutically valuable molecule [5] . The structure reported here has demonstrated several interesting and novel
Figure 7 Summary of residue properties in the six loops of MFE-23
The total side-chain surface accessibility (A / 2 ) determined with a probe of 1.4 A / is shown for each residue (continuous line). The frequency of each loop residue making contact with antigen in antibody-antigen complexes (bars) was taken from Table 1 in [20] . The 23 SDR positions highlighted in (a) and (b) are denoted by their single-letter amino acid codes. The actual contact residues observed in the intermolecular contacts (Table 2) are denoted by asterisks.
aspects. First, whereas five of the six antigen-binding loops possessed expected structures, the H3 loop ( Figure 2 ) adopted a unique structure that could not be predicted. Secondly, the murine MFE-23 structure showed a close framework similarity with the human TR1.9 structure, which led to the proposal of humanization strategies. Thirdly, despite the theoretical possibility that a back-to-back dimer of two V H -V L pairs can be readily formed in any scFv structure, the MFE-23 structure is the first in which this has been observed experimentally.
Finally, the MFE-23 crystal structure suggests how MFE-23 might use the H1-H3 loops to bind with its target molecule CEA. Antibodies possess complementarity in shape and electrostatic surface with their antigen [45] ; both criteria are well satisfied by the H1, H2 and H3 loop lattice contacts, which are unusually extensive. Five of the seven predicted antigen contact residues in H1, H2 and H3 participate in these lattice contacts, and the effects of four experimentally tested MFE-23 V H mutations are consistent with this model, including two contact residues predicted to be the most important. The crystal structure of MFE-23 might thus fortuitously reveal information on how it recognizes its antigen.
